We present an experimental demonstration of strong coupling between a surface plasmon propagating on a planar silver substrate, and the lowest excited state of CdSe nanocrystals. Variable-angle spectroscopic ellipsometry measurements demonstrated the formation of plasmon-exciton mixed states, characterized by a Rabi splitting of ∼ 82 meV at room temperature. Such a coherent interaction has the potential for the development of plasmonic non-linear devices, and furthermore, this system is akin to those studied in cavity quantum electrodynamics, thus offering the possibility to study the regime of strong light-matter coupling in semiconductor nanocrystals at easily accessible experimental conditions. Light can be confined to the interface of a metallic surface and a dielectric, due to its interactions with the free electrons of the conductor. These evanescently-confined excitations, known as surface plasmons (SPs) [1, 2, 3, 4] , are characterised by having strong electromagnetic fields whose propagation and energy dispersion are extremely sensitive to the dielectric properties at the metal surface. These features, make SPs very attractive for sensing applications and for the development of nano-scale devices that can operate at very high frequencies.
Due to their size-dependent optical properties and, in particular, their large absorption cross-sections and high photo-stability, colloidal semiconductor nanocrystals (often referred to as quantum dots), are materials that can be used as building blocks for the development of plasmonic applications. These applications rely on the interaction of the electronic states of semiconductor nanocrystals (NCs) with the electromagnetic (EM) waves associated with SPs.
When an SP mode is resonant with the exciton transition of an ensemble of NCs, two regimes of interaction can be distinguished and originate due to competition between the rates of exciton-SP coupling and dephasing of either type of excitation. In the weak coupling regime, damping of either resonance dominates over coupling and the interaction only modifies the radiative decay rate of the exciton state (Purcell effect) and its angular pattern of radiation. Many reports exist in the literature that illustrate this coupling regime for the case of semiconductor NCs. In the weak-coupling regime, the SP-exciton interaction has been shown to result in enhancements of the excitation rate of the NCs [9] , and of their fluorescence intensity [10, 11, 12, 13, 14, 15] an effect even observable at the single NC level [16, 17] . Furthermore, the photoluminescence of semiconductor NCs has been employed for the excitation of propagating SPs in metallic nanostructure [18, 19, 20] , and due to the large absorption cross-section of the NCs, it has also been possible to attenuate SP propagation in a structure containing these nanoscale light absorbers [21] .
On the contrary, in the strong coupling regime, the states of the SP-exciton system are coherent superpositions of both types of excitations and are expected to have significantly different optical properties. For instance, in the case of a single exciton transition, these mixed states are characterized by a doublet of SP-exciton "polaritons", that should be readily observable in transmittance and reflectivity measurements. Although this SPexciton coupling regime has been reported for silicon nanocrystals [22] , dye molecules [23] , organic semiconductors (such as in J-aggregates) [24, 25, 26] and quantum well structures [27, 28, 29, 30] , direct experimental evidence of coherent coupling of excitons in colloidal semiconductor NCs with SPs has not been documented.
In this letter, we present an experimental demonstration of such coherent energy coupling between SPs on a thin Ag film and excitons confined in semiconductor NCs. This coupling is evident in the energy dispersion of the coupled system due to the appearance of the anti-crossing of two "polariton-like" branches, as derived from variable-angle, spectroscopic ellipsometry measurements.
Thin films consisting of Ag and SiO 2 were deposited onto glass coverslips by e-beam −6 thickness of 50 nm (Ag) and 3nm (SiO 2 ) (as monitored with a quartz crystal oscillator).
The SiO 2 layer was added onto the Ag film in order to prevent its degradation. CdSe NCs were synthesised in 1-octadecene (ODE) following standard literature methods [31] . After careful removal of the ODE (by ligand exchange with 5-amino-1-pentanol [32] ), the NCs were dispersed in isopropanol and filtered through a 0.45 µm filter. Small quantities of this stock solution were subsequently spin-coated directly onto the Glass/Ag/SiO 2 films at a speed of 2000 rpm to achieve a typical film thickness of 74 nm (measured with a surface profilometer, mean surface roughness 5.63 nm). An optical absorption spectrum of such a CdSe film on bare glass is shown in figure 1 .
The glass slides containing the Glass/Ag/SiO 2 /CdSe films were attached to a right-angle prism (BK7, Thorlabs) with immersion oil (through the glass side of the film, see inset of figure 1) and mounted on the sample stage of a photo-elastically-modulated, variable-angle, spectroscopic ellipsometer (Uvisel, JY-Horiba). In this ellipsometer, the angle of incidence could be varied from 55
• to 90
• (1 • increments, measured from the normal to the sample stage). Illumination was provided by a 100 W Xe-arc lamp.
In ellipsometry, the ratio (ρ) of the complex Fresnel reflection coefficient for p-and spolarised light is measured as a function of the incident wavelength (λ) for a given range of angles of incidence (θ). This quantity ρ, is defined as:
where Ψ and ∆ are the ellipsometric angles which determine the changes of the magnitude and phase of an incident beam of light, upon reflection from an optical system [33] .
The measurement of Ψ for a film consisting of Glass/Ag/SiO 2 /PMMA is shown in figure   2 (a) where a dip can be noticed at a wavelength of ≈ 550 nm. This dip corresponds to a minimum in the reflectivity of p-polarised light that arises from the excitation of a SP at the surface of the Ag film. Such an excitation can be described by Maxwell's equations (with the transfer matrix method [34] ). Using literature values for the dielectric data of Ag [35] , SiO 2 [36] and PMMA (measured to be 1.485) leads to the fit shown as the red line of figure   2 (a).
The wavelength position of the SP resonance can be tuned by changing the angle of incidence or equivalently, the in-plane wavevector (k x ) of the incident light beam, as exemplified in figure 2(b). In this figure we present the SP energy dispersion for both a bare Glass/Ag/SiO 2 and a Glass/Ag/SiO 2 /PMMA film, demonstrating in this way, not only the tunability of the SP energy by changes in k x , but also by the interaction of the SP with a it is readily seen that at any value of k x , the energy of the SP in the Ag/SiO 2 /PMMA film is smaller than the one found for the Ag/SiO 2 case.
When the Ag/SiO 2 film is coated with CdSe NCs, the reflectivity spectrum shows two dips, that as can be seen on figure 3, change both in shape and wavelength position with the angle of incidence. Initially, at angles around and below (not shown) 60
• the reflectivity is dominated by one dip at wavelengths above the red line, but at 71
• , the two reflectivity minima have almost equal contributions and are energetically separated by ∼ 82.14 meV.
As the angle of incidence is increased beyond this point, the contribution from the highestenergy dip to the spectra increases, and the wavelength positions of the minima in the two dips show an avoided crossing at the wavelength indicated with the red line.
The first important observation to be made in connection to figure 3, is that the reflectivity spectra consists of only two features. This implies, that although there are several exciton levels in each CdSe NC in the film (see figure 1) , the SPs only couple to one. From the position of the avoided crossing in figure 3 , it is evident that this exciton level is the lowest excited state of the NCs, namely the 1S 3/2 (h)1S e exciton state.
In figure 4 , we present the energy position of the dips in the reflectivity spectra of figure   3 as a function of the in-plane wavevector k x . The data in figure 4 , clearly shows the appearance of two branches that anti-cross in k x , an unambiguous demonstration of coherent coupling between the SP supported by the Ag/SiO 2 film, and the exciton state in the CdSe film. These branches have a minimum energy gap at about 0.014 nm −1 and anti-cross at the energy of the 1S 3/2 (h)1S e exciton of the CdSe NCs (approximately 2.05 eV). Away from this resonance, each branch on the dispersion curve approaches asymptotically the decoupled exciton and SP modes respectively.
Within the picture of coupled oscillators, the energy of the exciton-SP system at any value of wavevector k x is given by [37, 38] :
where E SP (k x ) is the energy of the un-coupled SPs, E X that of the (dispersionless) exciton states, γ SP and γ X are the SP and exciton spectral full-width at half-maximum (FWHM) and g is a measure of the interaction strength between the two energy modes. This constant is given by the matrix element of the operator d · E, evaluated between the initial and final state of the system, g = | d · E |/ , where d is the excited state dipole moment of the NCs, and E the magnitude, at the position of the NCs, of the electric field due to the SPs.
Strong exciton-SP coupling occurs when the coupling strength g dominates over damping of either type of excitation, or stated otherwise, when the coupling constant g satisfies the following condition:
. In this case, the energy dispersion curve consists of two branches (E U and E L ), as observed in figure 4 , that are separated by a (vacuum)
Rabi splitting given by 2 g 2 − (γ SP − γ X ) 2 /16, which we found to be ≈ 80 meV.
Damping of the SP resonance in the Ag film occurs mainly by ohmic losses in the metal and by radiative losses that arise from imperfections at the surface of the film. For bare Glass/Ag/SiO 2 and Glass/Ag/SiO 2 /PMMA films the spectral FWHM was found to be γ SP = 150 meV, which according to our ongoing discussion, implies that the following condition must hold in order to observe strong coupling: g > |150 meV − γ X |/4.
Within the effective mass approximation for the exciton states in semiconductor NCs and the electric-dipole approximation for their interaction with the SPs, the magnitude of g is proportional to the oscillator strength of the exciton transition, which in turn is proportional to the electron-hole wavefunction overlap K [39] :
where f e,h (r) are the radial components of the electron (e) and hole (h) envelope functions.
Due to spherical symmetry and the lack of nodes in f e,h (r) inside the NC volume, this overlap integral K has its maximum value for the 1S 3/2 (h)1S e exciton state (see figure 1) , partially accounting for the observation of strong SP coupling to this state. Higher excited states can also have a non-negligible value of the overlap integral, but as stated before, the observation of avoided crossings in the energy dispersion of the coupled system must result from a balance between this coupling strength g (and therefore the e-h overlap) and the FWHM of the exciton transition γ X (i.e. when g > |150 meV − γ X |/4). It has been found experimentally that exciton transition linewidths increase with increasing energy [40] , which may translate into stronger exciton damping and therefore into a violation of the condition for the observation of strong coupling to these states. Furthermore, it is known that excitation of the NC into higher exciton states results in ultra-fast non-radiative relaxation to the lowest excited state [41] which, in light of the experiments discussed here, implies that these states are strongly damped and therefore should not exhibit strong coupling to the SPs.
Up to this point, the discussion applies to the interaction between a single NC and the SP resonance. In the NC films there are (at least) two types of disorder that can affect the coupling strength g: (i) the inherent size distribution that results from the NC synthesis and (ii) the disorder that arises from fluctuations in the concentration of NCs in the film.
size of these structures. Colloidal NCs have an intrinsic size and shape distribution that is expected to introduce inhomogeneous broadening of the exciton transitions. However, with current literature methods the synthesis of semiconductor NCs results typically in a dispersion no larger than 5% in the average size. Spin-coating of the CdSe NCs onto the films is expected to result in a disordered layer where the inter-particle separations are not perfectly homogeneous. If the distance between the NCs is small enough, direct energy transfer between these could compete with coupling to the SP [42] , possibly providing a source of damping. Furthermore, an inhomogeneity in the concentration of NCs could lead to the formation of large aggregates that could act as scattering centres for the propagation of SPs. Our observation of a finite Rabi splitting indicates that in the NC film these parameters play a minor role in the dynamics of the coupled system, and therefore in the NC films there is low inter-particle coupling, which would otherwise make the system extremely sensitive to the spatial variation on the film. On the contrary, the existence of such finite Rabi splitting
indicates that a large fraction of the NCs in the film interacts in phase with the SP electric field.
In the past, experiments aimed at demonstrating strong light-matter interactions with semiconductor NCs have been carried out by resonantly coupling their photoluminescence to a single mode of a high-Q micro-cavity [43] . However, due to the limited emission oscillator strength of CdSe NCs [44] , the reported Rabi splitting was smaller (30 -45 µeV) than the one found in the present study. This difference arises from the fact that, although the effective cavity Q value for SPs is low (∼ 10), the electric field strength at the position of the NC film is relatively high, this being a consequence of the strong spatial localization of SPs at the surface of the metal film. Furthermore, in the system presented here, coupling occurs to the first absorbing state of the NCs which carries most of the absorption oscillator strength.
In summary, we have presented an experimental demonstration of strong coupling between SPs in a thin Ag film and excitons in a film of semiconductor NCs. The observation of a Rabi splitting in this system implies that a significant fraction of the NCs in the film coherently exchanges energy with the electromagnetic mode of the metal. Remarkably, these oscillations were observed at room temperature and under low excitation powers, making this system attractive for future applications, in particular, for the development of excitonplasmon non-linear devices and low threshold lasers.
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The states are labelled as n h L F n e L e , where L e is the angular momentum of the electron envelope function, whereas L F is the minimum orbital momentum of the hole envelope wavefunction with total momentum F = L h + J (J is the unit-cell angular momentum). The average diameter of the NCs is 4.8 nm as estimated by using the calibration curve of ref. [45] . The inset shows a schematic diagram of the thin films and of the prism-coupling geometry, where θ denotes the angle of incidence. and E L predicted by equation (2) by setting γ X = γ SP = 0 and with a Rabi splitting of ∼ 80 meV, without adjusting any of these parameters.
